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Introduction 

The  wide  app  lie  ability  of  non -wetting  materials  has  generated  a  surge  In 
commercial,  military,  and  academic  malenals  research.'  *  Previous  srjdies 
have  elucidated  three  parameters  useful  in  the  development  of  non-welting 
surfaces:  chemical  functionality  (high  fluorine  content),  multiple  scales  of 
surface  roughness  (nano  and  micro),  and  surface  geometry  (re-entrant 
curvature).^  These  parameters  have  been  used  in  the  development  of  materials 
that  are  superhydrophobic  and  superoleophobic.' “  Although  many  of  these 
surfaces  cnhibil  the  desired  omni phobic  character,  a  simple  method  to  produce 
mechanically  robust  non -wet ling  coatings  on  various  substrates  has  not  been 
rqrorted  '■’•>.1.*  tianopaniclcs,  such  as  nanosihea,  have  been  shown  to 

provide  the  required  surface  roughness  for  non -wetting  character  in  polymer 
systems.'  In  the  present  work,  a  fluoroalkyl-modified  nanosihea  is 
developed  and  investigated  to  help  achieve  both  the  surface  roughness  and 
low  surface  energy  demands  of  an  omniphobic  polymer  coating  The 
fluoroalkyl-modiricalion  has  the  added  benefit  of  increasing  dispersion  and 
compatibility  in  a  cross  linkable  fluoropolymer  matrix,  which  is  thought  to  be 
needed  to  produce  a  mechanical ly-robust  coating.  Substitution  of  the  silanol 
groups  on  the  surface  of  silica  has  been  well  documented  using  various  types 
of  coupling  agents,  including  chlorosilanes."  ''  The  present  work  reports  the 
modification  of  a  previously  reported  two-step,  amine  promoted  method  for 
modifying  the  surface  of  silica,*'*'*  The  reaction  scheme  used  for  this 
modification  is  presented  in  Figure  I . 
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Figure  1.  Reaction  scheme  for  the  modification  of  silica  surface 


in  addition  to  nuoroalkyl-funclmnalixed  silica,  the  effect  of  a  fliiorinated 
polyhedral  oligomeric  sitsesquioxanc  (POSS)  nan  op  article,  ( IH.l  H.2H.2B- 
heptadecanurrodecyl)iiSiiO|i  or  fluorodecyl  POSS,  with  an  extremely  low 
surface  energy  ty,,  <10  mN/m)  is  invest  igated.'  The  present  work  focuses  on 
the  development  of  an  omni phobic  composite  coating  that  can  be  easily 
applied  to  various  surface.s  by  spray  atomization  or  other  types  of  spray 
technology. 


ExpeHmental 

Materials.  Hi-Sil  233  (synthetic  hydrated  amorphous  silica,  22  nm  avg 
diameter)  was  obtained  from  PPG  Industries  Fluoro-compounds,  (3,3,3- 
lnfluoTopTopyl)trichlorosilane,  (3,3, 3-iriliuoropropyI)dimethylchloro  silane, 
(ttidecafluoro- 1 , !  ,2 ,2  -tetrahydrooctylftn  cb  lorosilatic,  (trideeafluoTo- 1,1,2,2- 
tetrahydrooclvi)d'methylchlorosilane.  (beptadecafluoro-l.l,2.2tetrahydro- 
decyl)trichlorosilane,  and  (hepladecafluoro- 1 , l,2,2-tet^a|]yd^odecyl)dlmethyl- 
chlo^osllane  were  purchased  from  Gelest,  Inc.  and  were  used  as  received 
without  further  purification  Anhydrous  dimethylamine  was  obtained  from 
Aldrich  IH.lH,2H,21i-hcpradetalluorodecyl  polyhedral  oligomeric 
silfesquioxanc  (fluorodecyl  POSS)  was  synthesized  according  to  the  literature 
meihnd.*  Chloroform  was  received  from  Aldnch  and  passed  through  an 
activated  alumina  column  to  remove  water.  Viion  Extreme  ETP-600S  was 
obtained  from  LJuFont.  Asahikhn  AK.-225G  ( 1, 3-Djchloro- 1,1 .2.2,3- 
pen  tail  uoropropane)  was  used  as  received  from  AOC  Chemicals  Americas, 
Inc.  Steel  and  aluminum  Q-panci  substrates  were  obtained  from  the  Paul  N. 


Gardner  Compimy,  Inc.  Glass  microscope  slides  were  obtained  from  Aldrich, 
cleaned  with  acetone  and  air  dried  before  use. 

Inilrumenlalion.  Surface  modified  silica  was  analyzed  by  TGA- 
MassSpec  analysis  (TA  [nstcumenls  Q5000  IR,  Pfei Her- Vacuum  Thermostar 
GSD301  MS  system).  DRIFTS  (Nicolet  b700  FT-IR  with  DRIFT  Smart 
Collector)  and  Elemenlal  Analysis  (Perkin  Elmer  2400  Senes  II  CFfNS/O 
Elemental  Analyzer).  Contact  angle  studies  of  composite  films  were 
performed  on  a  DataPhystes  OCA  20  goniometer.  Imaging  of  composite 
films  was  obtained  via  scanning  elcclron  microscopy  (FEI  Quanta  60(1). 
atomic  force  microscopy  (Digital  Instruments  Dimension  3100),  and  opiical 
profilometry  (Vecco  VVyko  NT9300). 

Modilication  af  SHIca  Surface.  The  two-step  amine- pro  mo  ted  method 
illustrated  in  Figure  1  was  used  for  the  modification  of  the  Hi-Sil  233  silica 
surface  Hi -Si I  233  (2  g)  was  Inilially  dried  overnight  under  dynamic  vacuum 
(10  mTorr)  at  200-215  °C  Dimethylamine  gas  was  then  introduced  to  the 
dried  silica  under  static  vacuum  to  atmospheric  pressure.  The  dned  silica  was 
then  left  in  the  dimethylamine  environment  for  approximately  24  h  wilh 
mechaniLal  agitation  via  magnetic  slir-bar  Under  nitrogen  60  niL  of 
chloroform  was  added  to  the  Hi-Sil  233,  followed  by  1  mL  of  chlorosilanc, 
and  finally,  an  additional  20  mL  of  chloroform  The  slurry  was  allowed  lo  siir 
overnight  in  a  nitrogen  environment  The  surface  modified  Hi-Sil  233  product 
was  then  recovered  by  filtration  and  subsequently  washed  with  chloroform  (10 
mL  x3).  The  modified  silica  was  further  purified  by  Soxhiet  extraction  using 
chloroform  and  AK225G.  Both  Soxhiet  extractions  were  allowed  to  proceed 
for  appro.ximately  24  hours  The  modified  siiica  samples  were  then  dned 
under  ambient  conditions  and  Ihen  in  a  vacuum  oven  at  1 10  “C,  The  vacuum 
oven  Ireatment  was  implemented  to  cure  the  trichlotosilane  modified  silica 
products  (horizontal  polymerization),  as  well  as  to  dry  the  products. 

Composite  Coating  Deposition.  A  5  wt%  stock  solution  of  Vilon 
Extreme  ETP-6t)PS  in  AK-225G  was  used  lo  prepare  suspensions  of 
inodified-silica.  The  concentration  of  modified-siliea  in  the  fluoroelastomer 
solutions  varied  from  f)-2(iwt%,  Fluorodecyl  POSS  was  blended  into 
suspensions  at  a  concentration  of  5mg.'mL.  Spray  atomization  of  the 
composite  coatings  was  achieved  using  an  airbrush  system  (Paasche  Airbrush 
Company.  VLSTPRO  double-action  .siphon  feed).  Glass,  aluminum,  and  steel 
sub  St  rales  were  sprayed  at  a  distance  of  approximately  20  cjn.  The  thickness 
of  die  coatings  was  varied  from  one  pass  (-2  see  spray)  to  several  passes  (~1P 
sec  spray).  The  coated  substrates  were  air  dried  for  one  hour  followed  by  oven 
drying  for  approximately  1 2  hours  at  60  °C. 

Results  and  Discussion 

Fluoroalkyl-Mndified  Silica.  The  degree  of  fiuoroalkyl  substitution  of 
the  silanol  groups  on  the  surface  of  silica  was  determined  using  IR.  TG.A-MS, 
and  e'ernental  analysis  data.  TGA-M5  data  exhibits  thermal  degradation  at 
elevated  temperatures,  which  suggests  covalent  attachment  ol  the 
fluoroalkylsilancs  to  the  silica  surface  Fluori  rated  ion  fragments, 
corresponding  with  the  weight  loss  at  elevated  temperatures  (400-650  “C), 
were  observed  in  mass  spectra  data  for  all  modified  siiita  products.  TGA  data 
was  also  used  to  quanlify  coverage  by  measuring  the  weight  loas  from  400- 
650  ‘‘C.  Elemental  analysis  was  used  to  measure  the  carbon  content  of  the 
modified  silica  products,  which  provides  yet  another  mdicaiion  of  coupling 
agent  surface  coverage.  Preliminary  TGA.  elemental  analysis,  and  surface 
coverage  data  are  presented  in  Table  1.  The  surface  coverage  (wt'I'i)  was 
calculated  from  elemental  analysis  data  [U  wt%i,  a.ssuming  all  carbon  content 
resulted  from  the  addition  of  coupling  agent. 


Table  1.  Modified  Hi-Sil233  TGA  and  Elemental  Analysis  Data 


Coupling  Agent 

“/oweighl  los.s 
from  400- 
650X' 

conlent 

surface 

coverage 

(wt%) 

None 

1.61 

0.1 

0 

CF3(CH2);SiCI, 

7.57 

2.6 

Hi  3 

CF,(CF-),CCHj);SiCl, 

10.(12 

3.4 

114 

CF,(CFH5(CHi),Si(CH:):CI 

1 1.56 

4,4 

14  0 

CF,(CE2)v(CH;),SiCI. 

14.32  n 

4.1 

13  5 

CF,(CF3)7(CHH.-SiiCH,);CI 

14.62 

5,4 

16.6 

Composite  Coatings.  The  hydrophobicity  and  olcophobiclty  of  the 
composite  films  were  investipalcd  by  measunng  the  static,  advancing,  and 
receding  cotttact  angles  of  deionized  water  and  hexadecanc.  Pietimmary 
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contact  angle  studies  display  superhydiophobicity  with  low  hysteresis  for  all 
coatings  containing  fluoroa  Iky  1- modi  tied  silica  Preliminary  static  contact 
angle  results  are  presented  in  Table  2. 


Table  2.  Water  Contact  Angles  on  Composite  Coatines 


Coaling  Composition' 

Average  Stalic 

Contact  Angle 

Blank 

107 

20  wt%  unmodified  Hi-Sil  233 

0 

5  wt%  fluorodeeyl  POSS 

135 

20  wt%  CFi(CHi)jSiCl.i  modified  Hi-Sil  233 

164 

20  wt'  e  CFjfCHijjSiChmodified  Hi-Sil  233 

A  5wt%  fluoiodecvl  POSS 

166 

20  wt%  CFj(CFi)i(CH-);SiCi,,  modified  Hi-Sil  233 

161 

20  wW  CF)(CF2)ilCHihSi(CH2>!Cl  modified 

Hl-Sil  233 

165 

20  wf)-;  CFj(CFj)ifCHi)iSiCU  modified  Hi-Sil  233 

)65 

20  wt"A  CF,(CFj),(CH2);Si(CH;):C1  modified 

Hi-Sil  233 

164 

‘Viton  Extreme  ETP-600S  containing  different  fillers  sprayed  on  glass. 


The  coaling  containing  unmodified  fJi-Sil  2]  3  initially  displayed 
hydeophohicity  (Figure  2a,),  followed  by  wjeking  to  tinally  produce  a 
completely  wetted  surface  This  observation  is  illustrated  in  Figure  2.  It  is 
worth  noting  that,  although  the  volume  of  the  droplet  docs  decrease  due  to 
evaporation,  wetting  was  observed  on  the  coating  containing  unmodified  sdica 
-  a  “cofTee  stain  appearance.”  This  behavior  was  not  observed  for  coatings 
containing  silica  particles  modified  with  fluoroalkyl  ch loros i  lanes.  This 
suggests  that  the  untreated  silica  particles  produced  a  multi -sea led  rough 
surface  necessary  for  wetting- resistance,  but  the  hydrophilic  silatiol  groups  on 
the  surface  are  cau.sing  the  water  to  wet  the  coaling.  The  hydrophobic 
modificd-5ilic,a  produces  rnu It i -scaled  rough  surfaces  with  low  surface 
energies,  which  remain  super  hydro  phobic  after  contact  with  w.v.er  for  an 
extended  period  of  time  A  water  droplet  in  contact  with  such  a  coating  for 
several  minutes  is  shown  in  Figure  3 


Slow  hexadccane-wetling  was  observed  iti  coatings  containing  modified 
silica.  Wetting-resistance  was  improved  with  increasing  modifier  chain  length, 
l  e.  -(CH2)2(CF5)iCF,>-(CH;h(CF,)iCF,>-(CH;)7CF,  This  is  presumabiy  due 
1o  the  higher  F/H  ratio  on  the  surface  of  the  silica  particles 

Conclusions 

A  method  has  been  developed  for  the  surface  modification  of  nanosiiica 
using  fluoroalkyl  silanes.  The  modified  silica  products  have  been  suspended 
into  solutions  of  cross  linkable  fluoropolymer  and  deposited  onto  various 
substrates  by  spray  alomization  to  produce  non-wetting  surfaces.  The 
initoduction  of  fluorodeeyl  FOSS  into  the  fluoropolymer  solutions  and  silica 
suspensions  was  investigated 
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Figure  2.  Contact  angle  images  of  a  10  pL  water  droplet  on  30  wl% 
unmodified  sfiioa  coaling  on  glass  (a)  initially,  (b)  after  2  min,  (c)  after  5  min, 
and  td)  after  7  min 


Figure  3.  Water  contact  angle  (10  pL)  and  AFM  image  (6  2  x  3.4  pm)  of 
composite  coaling  containing  20  wI‘Vd  CFTCF-bfl^ifLbSiCb  sprayed  onto  a 
glass  slide. 
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